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1-All_c_yl-4-Ammo-1,2,4-Tr1azohum Salts= New Families of Ionic Liguids
Greg W. Drake”; Tommy Hawkms Kerri Tollison*; Leslie Hall*; Ashwani Vij¥, Sarah Sobaslq*

*Space and Missile Propulsion Division
Propellants Branch '
-and :
*ERC, Incorporated
10 East Satuin Boulevard
, Air Force Research Laboratory .
Edwards AirForce Base, CA 93524-7680

Abstact New classés of ionic liquids based upon the halide and nitrate salts of 1-alkyl substituted-4-
amino-1,2 4-triazolium cations (n-alkyl ='‘methyl -decyl, isopropyl, allyl, and methylcylcopropyl) have
been synthesized, characterized by vibrational spectra, multinuclear nmr, elemental analysis, and DSC
studies. Single crystal x-ray diffraction studies were carried out on 1-isopropyl-4-amino-1;2,4-triazolium
bromide, 1-ethyl-4-amino-1,2,4-triazolium bromide, l—n-propyl—4-am1no-l 2,4striazolium bromide; 1-n-
hexyl-4-amino-1,2,4-triazolium bromide, and 1-n-heptyl-4-amino-1,2,4-triazolium bromide, as well as 1-
isopropyl-4-amino-1,2,4-triazolium nitrate and l-methylcyclopropyl—4—ammo-1 2,4-triazolium nitrate. The
details of similarities, d1ﬁ'erences and the effects of su'ong hydrogen bondmg in the all of the structures
will be discussed.

Introduction : ' ‘

The field of ionic liquids is a rapldly growing area of i interest in many areas of chemistry.”’ Iomc

. liquids were originally investigated as possible replacement electrolytes in battery apphcatlons by

pioneering efforts of Wilkes and Hussey With the discovery of water stable systems™ !°, recent efforts
have been rapidly expanding the boundaries of applications for ionic liquids rather than on the materials -
themselves. Much of the chemxstry is based upon N- N’-dxsubstltuted 1m1dazohum cations paired with

anions such as hexaflucrophosphate'’, tetrafluoroborate’, and triflate™ ® anions. Iomc h?ulds have found a
wide array of applications from reaction media 3,567 1118 , in separation sciences™ * *%', and in many kmds
of catalyses reactions™ %277,

At the Air Force Research Laboratory, we have been investigating low meltmg salts and have
found that the behavior is not restricted to the well-known 1,3-di-alkyl substituted imidazolium and 1- alkyl-
pyridinium cation based salts. In efforts at identifying additional classes of low melting salts, other five-

: »membered azole rings were considered as possibly being substituted in a 1,4 conformation, similar to that
found in the related 1,3-disubstituted imidazolium cation systems, might lead to similar jonic h?md
properties. Exam gles of 1,4-disubstituted-triazolium salts have been known for qmte sometime’
recently, Shreeve®'™ has demonstrated this behavior with a large new family of ionic liquids based on
fluoro-alkylated 1,4-disubstituted-1,2,4-triazolium cations. Extending the premise that asymmetric 5-
membered heterocyclic cations will have poor packing in three-dimensional space, which would result in .
new classes of low melting materials, we have found this behavior in a similarly shaped heterocycle, 4-
amino-1,2,4-triazole. The 4-amino-1,2,4-triazole ring system has a much higher nitrogen content as well as
a non-basic amine group, which we felt would make for unusual physical properties. As is often true in
many research arenas our predecessors have often demonstrated chemistries for materials in completely
different scientific pursuits. However, no one has considered the thought of this heterocycle as an ionic
liquid building block with the 4-amino-1,2, 4-triazolium cationic species serving as the heterocyclic
platform. There are several brief reports throughout the last several decades describing various 1-
substituted-4-amino-1,2,4-triazolium salts***, and recently former Soviet Union research groups have '
produced interesting examples such as 1- subshtuted—4-ammo-l 2,4-triazolium nitrates using the powerful
amination reagent, picryloxyamine, in reactions with 1-R-1,2,4- tnazoles‘o “land subsec}uent N-amino

nitration forming highly unusual 1-R-substituted-4-nitramino-1,2,4-triazole zwitterions

We have been able to synthesize and characterize a large new family of low meltmg salts based
upon 1-substituted-4-amino-1,2,4-triazolium cation species as halide and nitrate salts through simple
reactions with commercially available materials in high yields and purities. New species include 1-n-alkyl -

(methyl-decyl, isopropyl, 1-methylcyclopropyl-, and 2-propenyl)-1-substituted-4-amino-1,2,4-triazolium
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cations. The syntheses, phyéicai proberties, spectral data,‘ as well as several x-ray diffraction crystal
structures of the salts will be discussed. .

Exgenmental
The starting materials, 4-ammo-1 2,4 tnazole, methyl iodide, n-alkyl bromides (ethyl-decyl), allyl

bromide, and bromomethylcglclopropane were purchased from Aldrich Chemical Company, Inc, and their
purities checked by 'H and C NMR prior to use. ‘Methanol, CH;OH; Ethanol, CH;CH,OH; and 2-
Propanol, (CH;),CH-OH, (ACS reagent grade; distilled from sodium metal), and acetonitrile, CH;CN
(HPLC grade; distilled from calcium hydride) were purchased from Aldrich Chemical Company, and all
solvents were degassed using a liquid nitrogen freeze-thaw vacuum procedure. Diethyl ether was dried
through a pre-activated alumina column prior to use. All solvents were stored inside glass vessels, which
were sealed with teflon screw-cap plugs, and were equipped with #15 O-ring fittings. Infrared spectra were

- recorded as KBr dlsks (using a KBr disk as a reference background) on a Nicolet 55XC FT-IR 'spectrometer
from 4000-400 cm™. Raman spectra were recorded in pyrex melting point capillaries on Bruker Model

FRA 106/S Equmox 55 Raman spectrometer equipped with a 1.06 micron IR excitation laser. NMR
experlments were carried out by dissolving the-salts in dg-dmso in 5Smm nmr tubes inside a drybox, and the
"' and BC spectra recorded on a Bruker Spectrospin DRX 400 MHz Ultrashield™ NMR. Thermal

analyses were carried out in hermetically sealed, coated aluminum pans on a Thermal Analyst 200, Dupont
Instruments 910 Differential Scanning Calorimeter. DSC samples were prepared and sealed inside a '
nitrogen-filled glove box, and once the pans were inside the DSC cell, the cell was flushed with 10 mL per .
minute of nitrogen gas purge during heating cycles. Elemental analyses were carried out on a Perkin Elmer
. Series I CHNS/O Analyzer 2400 elemental analysis instrument equipped with AD6 Autobalance and by
Desert Analytics, Inc. of Tucson, AZ. Densities were measured using helium displacement techniques in a
calibrated cell using a Quantachrome Ultrapycnometer 1000 instrument. The synthesis of I-n-buty1-4-
ammo-l 2,4-triazolinm bromlde was descnbed prewously 37

1-methyl-4-amino-1,2.4-triazolium iodide (I): 4-ammo-1,2 4-triazole, §. 1833g 61.6 mmoles, was
weighed out and placed in a 250 ml round-bottomed flask with a Teflon stir bar. Isopropyl alcohol, 200ml,

was added and the mixture stirred for a short period of time to completely dissolve the 4-amino-1,2,4- .
triazole. Methyl iodide, 26.5143 g., 186 mmoles, was then added to the vigorously stirred solution.. The
flask was then protected from light with a black bag, and stirred for seven days at ambient temperature. At
the end of this time an additional 1.50g of methyl iodide was added and the reaction mixture stirred for five
.additional days. The solution was pale yellow with white precipitate in the bottom of the flask. The
precipitate was filtéred and washed four aliquots, 50 ml each, of cold isopropyl alcohol, followed by four
washings, 50 ml each, of cold dicthyl ether: The white powder was then transferred to a preweighed
Schlenk flask and evacuated overnight to leave 10.1840 g, 45.0 mmoles of 1-methyl-4-amino-1,2,4- .
triazolium jodide. Melting point 98°C, DSC onset beginning at 136°C. 'H NMR (ds-dmso): 4. 024 (singlet,
area 3.067), 6.938 (singlet, area 1.661), 9.161 (singlet, area 0.932), 10.115 (singlet, area 1 .000). 3C NMR
(dg-dmso): 39.107, 143.002, 145.109. Elemental analysis: %C: 15.94 (theory); 16 19 (found); %H: 3.12
(theory); 3.04 (found); %N: 24.79 (theory); 24. 59 (found). -

-ethyl-4-ammo-1,2,4-trlazolmm bromide (ID: A 500 ml round-bottom flask eqmpped w1th an overhead
* ‘stirrer was charged with 10.00 g. of 4-amino-1,2,4-triazole and 200 ml of acetonitrile. Ethyl bromide, 45

ml, 65.0 g., was added to the vigorously stirred reaction mixture. The reaction was stirred for 8 days at
ambient temperature at which time, thin layer chromatography showed that all of the 4-amino-1,24-triazole
had been consumed. The resultant solution was then rotary evaporated down leaving a colorless ionic
liquid which slowly crystallized. The solid material was heated to 60°C for 5 hours under high vacuum,
whereupon it melted, lost the remaining solvent, and re-solidified as highly crystalline 1-ethyl-4-amino-
1,2,4-triazolium bromide in essentially quantitative yield and high purity, 22.94 g., 117 mmoles. Melting

" point: 63-67°C; DSC onset: 150°C. 'H NMR (dg-dmso): 1.402, 1.420, 1.438 (triplet, area 3.000); 4.359,
4.377, 4.395, 4.413 (quartet, area 2.003); 7.084 (broad singlet, area 1.648); 9.202 (singlet, area 0.959);
10.325 (singlet, area’l. 000). 3C NMR (dg-dmso): 13.768, 47.335, 142.289, 145.114. Elemental analysis:
%C: 24.95 (theory); 24. 73 (found), %H: 4.74 (theory), 4.73 (found); %N: 29. 21(theory), 29 09 (found).

1-n-propyl-4-amino-1,2.4-triazolium bromide : In the typical manner as cited for II above, 10. 005
g., 118 mmoles, of 4-amino-1,2,4-triazole was reacted with 1-bromopropane, 58.865g., 478 mmoles in
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acetomtrlle at 50°C, yielding highly crystalhne 1-n-propy1—4 amino-1,2,4-triazolium bromide, 23. 9584 g,
115 mmoles. Melting point: 63°C; DSC onset 145°C. lH NMR (d¢-dmso): 0.806, 0.823, 0.836 (triplet, area
3.000); 1.818, 1.834 (broad multiplet, area 2.013); 4.362, 4.373 (broad multiplet, area 1.999); 7.126 (broad
singlet, area 1.816); 9.244 (singlet, area 0.928); 10.440 (singlet, area 0.957).*C NMR (d,-MeOH): 11. 051,
23.313, 55.538, 144.586, 146.908. Elemental analysis, %C: 29.00 (theory); 28. 96 (found) %H: 5.35 '
(theory); 5.46 (found), %N 27.06 (theory); 27. 48 (found): :

1-isopro l-4-ammo-1 24- triazolium bromide : In the manner of I above, 10 122 g, 120 mmoles,

* of 4-amino-1,2,4-triazole was reacted at 50°C with 2-bromopropane 58.560 g., 476 mmoles yielding on
work-up, 1-isopropyl-4-amino-1,2,4-triazolium bromide, 17.421 g., 84 mmoles. Melting point: 92°C; DSC
onset 145°C. "H NMR (dg-dmso): 0.461, 0.472, 0.557, 0.576 (complex multiplet, relative area 4.000);

- 1.273, 1,283, 1.293, 1.302, 1.313, 1.320, 1.332 (complex multiplet, area 0.992); 4.261, 4.279 (doublet area
2.032); 7.088 (broad singlet, area 1.309); 9.231 (singlet, area 0.971); 10.412 (singlet, area 1.309). :

BC NMR (dg-dmso): 3. 849, 10.082, 56.162, 142.150, 145.179. Elemental analysis: %C: 32.89 (theory)

32.73 (found); %H: 5 06 (theory), 5.07 (found); %N: 25.57 (theory); 25.27 (found)

: In the manner of I above 4-amino-1 2,4~ :
triazole, 10.000 g 118 mmoles, was reacted with allyl bromlde 43.10 g, 356 mmoles resulting in 1-allyl-
4-amino-1,2,; 4-triazolium bromide, 12.657 g., 62 mmoles. Melting point: 59-62° C; DSC onset: 130° C. 'H
NMR (dg-dmso): 5.068, 5.288, 5.316, 5.328 5.325 (broad multiplets, area 3.033); 5.993, 5.946, 5.958,
5.974, 5.987, 6.000 (broad multiplét, area 0.890); 7.126 (broad singlet, area 1.962); 9.234 (singlet, area .
0.938); 10.426 (singlet, area 1.000). *C NMR (d¢-dmso): 53.736, 120.912, 130.255, 142.572, 145.292.
Elemental analysis: %C: 29.29 (theory), 29.37 (found); %H 442 (theory), 4.59 (found); %N: 27.32
(theory), 27.04 (found) .

-methylcyclogropyl—4-ammo—l,2,4-tr1azohum bromide ( !!) In the manner of II above 4-am1no-1 ,2,4-

triazole 3.2154 g., 38.2 mmoles, was reacted with bromomethylcyclopropane, 10.7539 g., 79. 6 mmoles,

- yielding 1-methylcyclopro Pyl-4-amino-1 2 4-triazolium bromide, 4.8167 g., 22 mmoles. Melting point: 71-
73°C; DSC onset: 150° C. "H NMR (d¢-dmso): 0.461, 0.472, 0.557, 0. 576 (complex multiplet, area 4.000);
1.27, 1,283, 1.293, 1. 302 1.313, 1.320, 1.332 (complex multiplet, area 0.992); 4.261, 4.279 (doublet area
2.032); 7.088 (broad singlet, area 1.309); 9.231 (singlet, area 0.971); 10.412 (singlet, area 1 309) 3CNMR

" (dg-dmso): 3.849, 10.082, 56.162, 142.150, 145.179. Elemental analysis: %C: 32.89 (theory); 32.73

(found); %H: 5.06 (theory); 5.07 (found) %N: 25.57 (theory); 25.27 (found).

-n—pen;yl—4-ammo—1,2,4-tr1azolmm bromide (ym In the manner of I above 4-am1no-1 ,2,4-triazole,

2.000 g., 23.7 mmoles, was reacted with n-pentyl bromide 7.22 g., 47.8 mmoles, resulting in 1-n-pentyl-4-
amino-1,2,4-triazolium bromlde 4.4737 g., 19.0 mmoles. Melting point: 54°C; DSC onset: 130°C.
lHNMR (de-dmso): 0.819, 0.838, 0.855, 0.880, 0.897 (broad multiplet, area 2.321); 1.180, 1.194, 1.202,
'1.215, 1.233, 1.249, 1.261, 1.278, 1.296, 1.313 (complex multiplet, area 3.438); 1.788, 1.805, 1.823, 1.842,
1.859 5.994 (complex multiplet, area 1.889); 4.343, 4.361, 4.378 (tnplet, area 2.000); 7.041 (broad singlet,
area 2.121); 9.217 (singlet, area 0.914); 10.357 (singlet, area 0.996). *C NMR (d¢-dmso): 13.691, 21.423 ,
27.453, 27.728, 51.675, 142.602, 145.196. Elemental analysis: %C: 35.76 (theory) 35 25 (found); %H:
6.43 (theory), 6.45 (found); %N: 23.83 (theory); 24.25 (found).

-n-hegxl-4-ammo—l,2,4-tr1azollum bromide(VII): In a similar method'to that used for I above, 2.000 -

g, 23.7 mmoles of 4-amino-1,2,4-triazole was reacted with n-hexyl bromide 8.080 g., 48.9 mmoles, at
60°C for 40 hours, resulting 4.924 g., 19.7 mmoles, of 1-n-hexyl-4-amino-1,2,4-triazolium bromide.
Melting point: 76°C; DSC onset: 130 C. 'H NMR (ds-dmso): 0.842, (broad singlet, area 2.377); 1.253
(broad singlet, area 5.597); 1.825 (broad singlet, area 1.757); 4.371 (broad singlet, area 2.000); 7.082
(broad singlet, area 1.966); 9.236 (singlet, area 0.859); 10.363 (singlet, area 0.927). *C NMR (ds-dmso):
13.797, 21.821, 24.985,27.993, 30.461, 51.962, 142.587, 145.182. Elemental analysis: %C: 38.57 (theory);
38.32 (found); %H: 6.43 (theory); 6.45 (found); %N: 22. 49 (theory); 22.88 (found).

-n-hep_tyl-4-ammo-1,2,4-tr1azohum bromide(IX): In the manner stated i inII above, 2.000 g.,23.7

mmoles, of 4-amino-1,2,4-triazole was reacted with n-heptyl bromide 10.650 g., 59.1 mmoles, at 60°C for
40 hours, resulting 5.7460 g., 21.7 mmoles, of 1-n-heptyl-4-amino-1,2,4-triazolium bromide. Melting point:
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94°C; DSC onset: 130°C. "H NMR (ds-dmso): 0.807, 0.824, 0.840 (triplet, area 3.000); 1.221, 1.235, 1.244
(broad multiplet, area 8.966); 1.797, 1.813, 1.830 (multiplet, area 2.146); 4.346, 4.364, 4.381 (triplet, area
2.358); 7.090 (broad singlet, area 2.122); 9.220 (singlet, area 1.059), 10.375 (singlet, area 1.094). *C NMR
(dg-dmso): 13.587,21.927, 25.270, 27.941, 28.046, 30.959, 51.672, 142.560, 145.153. Elemental analysis: .
%C: 41.07 (theory); 41.24 (found); %H: 7.28 (theory) 7.05 (found); %N: 21.29 (theory) 21:13 (found).

-n-ocg(l-4-ammo-1,2,4-tr1azohum bromide (X) In essentially the same manner as in I above, 2.000 g.,
23.7 mmoles, of 4-amino-1,2,4-triazole was reacted with n-octyl bromide 9.790 g., 50.7 mmoles, at 60°C
for 40 hours, yielding 5.4768 g., 19.7 mmoles, of 1-n-octyl-4-amino-1,2,4-triazolium bromide. Melting
- point: 81°C; DSC onset: 130°C. H ‘NMR(ds-dmso): 0.815(broad singlet), 1.227 (broad singlet), 1.806
(broad singlet), area of all three peaks 17.211), 4.369 (broad sm%let area 2.000), 7.112 (broad singlet, area
1.993), 9.225 (singlet, area 0.880), 10.404 (singlet, area 0.868). >C NMR (ds-dmso): 13.848, 22.000,
~ 25.319, 28.055, 28.257, 28.405, 31.102, 51.660, 142.525, 145.117. Elemental analysis: %C: 43.32

(theory); 43.57 (found); %H: 7.64 (theory); 7.56(found); %N: 20.21(theory); 20.16(found).

1-n-nonyl-4-amino-1.2.4-triazolium bromide (XI): As in II above, 2.000 g., 23. 7 mmoles, of 4-amino-
1,2,4-triazole was reacted with n-nonyl bromide 12.319 g., 59.1 mmoles, at 60°C for 40 hours, yielding

6.3680 g., 21.7 mmoles, of l-n-nony1-4-am1no-l 2,4-triazolium bromide. Meltmg point: 81°C; DSC onset:
130°C. lHNMR (ds-dmso): 0.823, 0.839, 0.854 (triplet, area 3.266); 1.230 (broad, 13.571); 1.827, 1.843
(broad, area 2.165); 4.363, 4. 380 4397 (tnplet, area 2.191); 7.090 (broad singlet, area 1.873), 9.24 (singlet,
area 1.069); 10.397 (smglet area 1.111). ®C NMR (ds-dmso): 13.913, 22.072, 25.363; 28.089, 28.346,

. 28.590, 28.758, 31.242, 51.698, 53.865, 142.580, 145.166. Elemental analysis: %C: 45.37 (theory) 45.61
(found) %H 7.96 (theory), 8 06 (found); %N: 19.24 (theory), 19.21 (found) '

-n-decyl-4-ammo-l,2,4 -triazolium bromide (XII): Asi in II above 2.000 g., 23.7 mmoles, of 4-amino-

" 1,2,4-triazole was reacted with n-decyl bromide 10.770 g., 48.7 mmoles at 60°C for 40 hours, yielding
6.3227 g., 20.7 mmoles, of 1-n-decyl-4-amino-1,2,4-triazolium bromide. Melting point: 90°C; DSC onset:
135°C. lHNMR (dg-dmso): 0.821, 0.838, 0.853 (triplet, area 2.621), 1.226 (broad singlet, area 15.002)

- 1.820, 1.836 (broad doublet, area 2. 039), 4.334, 4.351, 4.368 (tri glet, area 2.000), 7.055 (broad singlet, area
1.887), 9.212 (singlet, area 0.984), 10.321 (singlet, area 1.027). “C NMR (ds-dmso): 13.916, 22.064,

© 25.348, 28.042, 28.307, 28.648, 28.785, 28.869, 31.250, 51.700, 142.592, 145.176. Elemental analysis:

%C: 47.22 (theory); 47.31 (found); %H: 8.25 (theory) 8.04 (found); %N: 18.35 (theory); 18.40 (found)

-ethyl-4-ammo—1,2,4-tr1azohum nitrate (X!!) In a 250 mL beaker, 1-ethyl-4-amino-1,2,4- tnazohum

bromide, 3.9543 g., 20.5 mmoles was dissolved of methanol. In a 1 liter round bottomed flask, silver
nitrate, 3.4794 g., 20.5 mmoles, was dissolved in 250 m! of methanol at 60°C in a darkened room. The
methanolic solution of 1-ethyl-4-amino-1,2 4-triazolium bromide was slowly added with a disposable

pipette over a 10 minute period to the vigorously stirred silver nitrate solution (which had been removed
from the heating bath), and after the addition was completed the reaction mixture was stirred until it cooled
to room temperature (30 minutes). It was then filtered through a plug of celite, the flask and celite plug -
were subsequently washed with fresh aliquots of methanol to insure complete transfer of product through
filter. The resultant filtrate was rotary evaporated down to a minimum volume, transferred to a pre-weighed

Schlenk flask with fresh methanol (30 ml). The flask was then immersed in a heating bath (60°C) for 16
hours, with frequent agitation to remove all of volatiles resulting in the ionic liquid product of 1-ethyl-

* 1,2,4-triazolium nitrate, 3.5467g., 20.2 mmoles, (98%). After the mass was recorded a very small portion
of the product salt was added to a concentrated silver nitrate solution, with no cloudiness or precipitation
that were observable that would be indicative of bromide anion. Melting point: -50°C; DSC onset: 160°C.

"TH NMR (dg-dmso): 1.410, 1.428, 1.446 (triplet, area 3.000); 4.334, 4.352, 4.370, 4.388 (quartet, area
2.023); 7.016 (singlet, area 1.991); 9.164 (singlet, area 0.961); 10.200 (singlet, area 0.978). *C NMR (dg- -
dmso): 13.834, 47.465, 142.605, 145.366. Elemental analysis: %C: 27. 43 (theory) 27 27 (found); %H:
5.17 (theory); 5 55 (found); %N: 39.98 (theory); 39.83 (found).

-methyl-4-ammo-1,2,4-tnazollum nitrate (XV): Ina snmlar manner to that used for XIV above, 1-

methyl-4-amino-1,2,4-triazolium iodide, 1.3063g., 5.78 mmoles, was reacted with silver nitrate, 0.9825 g.,
5.78 mmoles, yielding 1-methyl-4-amino-1,2,4-triazolium nitrate, 0.8925 g., 5.54 mmoles, 95%. Melting
point: -54°C; decomposition onset 175°C: lH NMR(ds-dmso): 4.051 (singlet, area 2.974); 6.991 (singlet,
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- area 1.719); 9. 079 (smglet area 0.954); 10. 116 (singlet, 0.997). 3¢ NMR(dg-dmso): 39.208, 143.584,
145.615. Elemental analysis: %C: 22. 22 (theory); 22.06 (found), %H: 4.35 (theory), 4.67 (found); %N:

43.19 (theory) 43, 17 (found)

: In the manner of XIV above, 1-n-propyl-4-amino-
1,2 4-triazolium bromide, 1.3736 g., 6.63 mmoles, was reacted with silver nitrate, 1.1272 g., 6.63mmoles,
resulting in 1-n-propyl-4-amino-1,2,4-triazolium nitrate, 1.2488 g., 6.60 mmoles, 99%. Melting point:
33°C; decomposition onset: 175°C. lH NMR (ds-dmso): 0.814, 0.833, 0.851 (triplet, area 3.000); 1.790,
1.808, 1.826, 1.844, 1.862, 1.880 (sextet, area 2.031); 4.286, 4.303, 4.321 (tri g]et, area 2.043); 7.338
(broad, area 1.957); 9.169 (singlet, area 0.963); 10.225 (singlet, area 0.969). “C NMR (dsdmso): 10.465,
21.824, 53.437, 143.052, 145.572. Elemental analysis: %C: 31.74 (theory) 31.61 (found), %H: 5.86

‘ (theory); 6.08 (found), %N: 37.02 (theory); 37.24 (found)

1-n-bu l-4-ammo-1 2.4-triazolium nitrate : Inthe mtmner of XIV above, 1-n-butyl-4-amino-
1,2,4-triazolium bromide 1.3063 g., 5.91 mmoles, was reacted with silver nitrate, 1.0041 g., 5.91 mmoles,
resulting in 1-n-butyl-4-amino-1,2,4-triazolium nitrate, 1.0510 g., 5.17 mmoles, 88%. Melting point: -50°C

-(g-t.); decomposition onset 170°C. 'H NMR(dg-dmso):0. 856, 0.874, 0.892 (triplet, ared 3.140); 1.213,

1.231,1.249, 1.268,.1.287, 1.306 (sextet, area 2.047); 1.772, 1.790, 1.809, 1.827, 1 .845 (pentet, area

. 2.092); 4.334, 4352, 4.369 (triplet, area 2.101); 7.026 (singlet, area 2. 061) 9.176 (singlet, area 0.959);

10.253 (singlet, area 1.000). *C NMR(dg-dmso): 13.263, 18.731, 30.139, 51.566, 142.883, 145.399.
Elemental analysis: %C: 35.46 (theory); 35.75 (found), %H: 6.44 (theory); 6.98 (found); %N: 34.46

. (theory), 34.53 (found)

-1sogropyl—4-ammo—1,2,4-tnazolmm nitrate (XVIIN): In the manner of XTIV above 4, 0560 g 19.6

--mmoles, 1-isopropyl-4-amino-1,2,4-triazolium bromide was reacted with silver nitrate 3.3270 g., 19.6
- mmoles, 'yielding on work-up, 1-isopropyl-4-amino-1,2 4-triazolium nitrate, 3.6160 g., 19.1 mmoles, 97%.

Meltmg point: 66°C; DSC onset: 180°C. 'H NMR (dg-dmso): 1.419, 1.469, 1.474, 1.485, 1.490 (multiplet,
area 6.095); 4.741, 4.755, 4.768, 4.785, 4.801, 4.817, 4.834, 4.261, 4.279 (heptet, area 1.000); 6.989 (broad
singlet, area 2.000); 9.170 (singlet, area 0. 986) 10.244 (singlet, area 0.997). 3C NMR (dg-dmso): 21.287,
55.420, 141.854, 145.301. Elemental analysis: %C: 31.74 (theory); 31.47 (found); %H: 5. 86 (theory); 6.13
(found); %N: 37 02 (theory); 36.61 (found). _

't 12-p_rogenyl)-4-ammo—1,2,4—tnazohum nitrate (3!3) In thc manner of XTIV above l-(2-propenyl)-4-

amino-1,2,4-triazolium bromide, 1.1348 g., 5.53 mmoles, was reacted with silver nitrate, 0.9976 g., 5. 53
mmoles, resulting in 1-allyl-4-amino-1,2,4-triazolium nitrate, 0.9976 g., 5.33 mmoles, 96%. Melting point:

. -50°C (g.t.); DSC onset: 140°C. 'H NMR (ds-dmso): 5.004, 5.018 (doublet, area 2.348); 5.321, 5.361,

5.362, 5.386 (multiplet, area 2.273); 5.982, 5.995, 6.008, 6.024, 6.037, 6.050 (multiplet, area 1.092); 7.024
(broad singlet, area 2.000); 9.206 (singlet, area 1. 046) 10.217 (singlet, area 1.080). *C NMR (dg-dmso):
53.923, 120.985, 130.498, 143.035, 145.545. Elemental analysis: %C: 32.08 (theory) 31.84 (found), %H
4.84 (theory); 5.15 (found); %N: 37.41 (theory), 37.19 (found).

1-methylcyclopropyl-4-amino-1.2.4-triazolium nitrate : In the manner of XIV above 1-
methylcyclopropyl-4-amino-1,2,4-triazolium bromide, 1.2467 g., 5.69 mmoles, was reacted with silver
nitrate,” 0.9666 g., 5.69 mmoles, yielding l-methylcyclopropyl—4 -amino-1,2,4-triazolium nitrate, 1.1309 g.,
5.62 mmoles, 98%. Melting point: 56°C; DSC onset: 185° C. 'H NMR (CD;CN): 0.411, 0.446, 0.457,
0.461, 0.469, 0.472, 0.484, 0.594, 0.613, 0.630, 0.641,0.645, 0.650, 0.661,.0.665, 0.667 (complex
multiplet, area 4.000); 1.298, 1.305, 1.309, 1.317, 1.325, 1.329, 1.336, 1.344, 1.348, 1.356, 1.368 (complex

" multiplet, area 1.006); 4.181,4.200 (doublet, area 2.016), 6.637 (broad singlet, area 2.001); 8. 750 (singlet,

area 0.890); 10.412 (singlet, area 0.930). BCNMR (CD;CN): 4.615, 10.528, 58.173, 143.507, 146.083.
Elemental analysis: %C: 35.82 (theory); 35.54 (found); %H: 5. 51 (theory) 5.53 (found); %N: 34.81
(theory); 34.66 (found).

1-n-pen l-4-am1no-1 2.4-triazolium nitrate (XX): In the manner of XIV above, 1-n-pentyl-4-amino-

- 1,2,4-triazolium bromide, 1.2505 g., 5.31 mmoles, was reacted with silver nitrate, 0.9024 g., 5.31 mmoles,

resulting in 1:n-pentyl-4-amino-1,2,4-triazolium nitrate, 0.9819 g., 4.52 mmoles, '85%. Melting point:

A29°C DSC onset: 180° C. '"H NMR (dg-dmso): 0. 812 O 830 0.844 (broad multlplct area 2.894); 1.208,
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1.228,1.251, 1.269, 1.287 (complex multiplet, area 3.868); 1.807, 1.824, 1.841 (complex multiplet, area
2.048); 4.327, 4.343, 4.359 (triplet, area 2.118); 7.038 (broad singlet, area 2.097); 9.168 (singlet, area
1.022); 10.251 (singlet, area 1.000). *C NMR (dg-dmso): 13.826, 21.644, 27.655, 27.972, 51.904, 143.021,
145.532. Elemental analysis: %C: 38.70 (theory); 38.77 (found); %H: 6.95 (theory); 6.98 (found); %N:
32.23 (theory); 32.21 (found): : . '

‘ 1-n-hexxl—4-amino—1,2,4-triazolium nitrate(XXITD): In 2 manner similar of XIV above, 1-n-hexyl-4-

amino-1,2 4-triazolium bromide, 1.0561 g., 4.23 mmoles, was reacted with silver nitrate, 0.7195 g., 4.23
mmoles, resulting of 1-n-hexyl-4-amino-1,2,4-triazolium nitrate, 0.9635 g.,4.17 mmoles, 98%. Melting
point: -2-0°C; DSC onset: 170° C. 'H NMR (ds-dmso): 0.820, 0.829, 0.836, (broad multiplet, area 3.378),
1.242 (broad singlet, area 7.011), 1.818 (broad singlet, area 2. 130), 4.326, 4.334, 4.343, 4.361 (broad
multiplet, area 2.034), 7.040 (broad singlet, area 2.036), 9.157 (singlet, area 1.004), 10.248 (singlet, area
1.000). ®C NMR (ds-dmso): 13.878, 21.999, 25.160, 28.207, 30.652, 51.895, 142.952, 145.450. Elemental
analysis: %C: 41.51 (theory); 41.28 (found); %H: 7.40 (theory); 7.93 (found); %N: 30.28 (theory); 30.14
(found). . ' ' , : .

- 1-n-heptyl-4-aminé-1.2.4-triazolium nitrate : In the manner stated in XIV above, 1-n-heptyl-4-
amino-1,2,4-triazolium bromide, 1.0031 g., 3.81 mmoles, was reacted with silver nitrate, 0.6470 g., 3.81
mmoles, resulting of 1-n-heptyl-4-amino-1,2,4-triazolium nitrate, 0.9115 g., 3.72 mmoles, 97%. Melting
point: 35°C; DSC onset: 165°C. 'H NMR (ds-dmso): 0.823, 0.825, 0.840, 0.844, 0.857 (multiplet, area
3.303); 1.236, 1.247, 1.258, 1.356, 1.378, 1.396 (multiplet, area 9.072); 4.320, 4.338, 4.355 (triplet, area
© 2.261); 7.012 (broad singlet, area 2.000), 9.175 (singlet, area 1.065), 10.230 (singlet, area 1.099). *C NMR
- (dg-dmso): 13.918, 21.973, 25.327, 27.965, 28.034, 31.012, 51.784, 142.730, 145.298. Elemental analysis:

. %C: 44.07 (theory); 43.85 (found); %H: 7.80 (theory); 8.08 (found); %N: 28.55 (theory); 28.70 (found).

~ 1-n-octyl-4-amino-1.2.4-triazolium nitrate (XXIV): In essentially the same manner as in XIV above,

1.0047 g., 3.62 mmoles, of 1-n-octyl-4-amino-1,2 4-triazolium bromide was reacted with silver nitrate,
0.6514 g., 3.83 mmoles, yielding 1-n-octyl-4-amino-1,2,4-triazolium mitrate, 0.9347 g., 3.60 mmoles, 99%.
Melting point: 34°C; DSC onset: 165°C. '"H NMR (ds-dmso): 0.769, 0.826, 0.843, 0.855 (multiplet, area
3.049); 1.235 (broad singlet, 10.221); 1.823, 1.838 (multiplet, area 2.028); 4.312, 4.329, 4.346 (triplet, area
2.121); 7.000 (broad singlet, area 2.073), 1.806 (broad singlet); 9.184 (singlet, area 0.961), 10.218 (singlet,
area 1.000). 1*C NMR (ds-dmso): 13.988, 22.142, 25.442, 28.133, 28.365, 28.544,31.230, 51.810, 142.845,
145.378. Elemental analysis: %C: 46.31(theory); 46.88 (found); %H: 8.16 (theory); 8.23 (found); %N:
27.00 (theory); 26.98 (found). . o .

1-n-nohyl-4#amino-1,2,4-'triazolium nitrate (XXV): As in XIV above, l-nQnOnyI-4-amino-l,2,4-
0.5855 g., 3.44 mmoles, ,

triazolium bromide, 1.0039 g., 3.44 mmoles, was reacted with silver nitrate,

yielding 1-n-nonyl-4-arino-1,2,4-triazolium nitrate, 0.9339 g., 3.41 mmoles, 99%. Melting point: 53°C;
DSC onset: 175°C. 'H NMR (ds-dmso): 0.834, 0.841, 0.851, 0.859, 0.867 (multiplet, area 3.119);
1.241(broad, area 12.725); 1.829, 1.845 (broad, area, 2.074); 4.300, 4.307, 4.318, 4.335 (multiplet, area
2.058); 6.944 (broad singlet, area 2.000); 9.179 (singlet, area 0.959), 10.172 (singlet, area 0.998). 3C
NMR (dg-dmso): 13.950, 22.129, 25.419, 28.116, 28.385, 28.642, 28.813,31.302, 51.789, 142.802,
145.322. Elemental analysis: %C: 48.33 (theory); 48.27 (found); %H: 8.48 (theory); 9.03 (found); %N:
25.61(theory); 25.44 (found). o :

1-n-decyl-4-amino-1,2.4-triazolium nitrate : As in XIV above, 1-n-decyl-4-amino-1,2,4-
triazolium bromide, 1.0085 g., 3.30 mmoles, was reacted with silver nitrate, 0.5606 g., 3.30 mmoles,
resulting in 1-n-decyl-4-amino-1,2 4-triazolium nitrate, 0.8451 g., 2.94 mmoles, 84%. Melting point: 5 1°C;
DSC onset: 185°C. 'H NMR (ds-dmso): 0.828, 0.844, 0.859 (triplet, area 4.021), 1.235 (broad singlet, area
+ 15.760) 1.826, 1.841 (broad doublet, area 2.057), 4.310, 4.327, 4.344 (triplet, area 2.042); 6.993 (broad .
singlet, area 2.000), 9.178 (singlet, area 0.986), 10.209 (singlet, area 0.993). 3C NMR (ds-dmso): 13.948,
22.127,25.409, 28.091, 28.365, 28.713, 28.849, 28.993, 31.317, 51.781, 142.774, 145.303. Eleniental
analysis: %C: 50.15 (theory); 50.26 (found); %H: 8.76 (theory); 9.40 (found); %N: 24.37 (theory); 24.48
(found). ' ’ . .
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General synthesis and physical properties
Previously, a communication reported the synthesis of one substituted-1,2 4-tr1azoles in a one pot

scheme via the alkylation of 4-amino-1,2,4-triazole forming 1-alkyl-4-amino-1,2 4-tr1azohum salts, with
subsequent diazotization of the amino group, forming desired 1-substituted-1,2,4-triazoles>”. However, the
intermediates were not the focus as the real effort was directed towards the pharmaceutically active 1-
substituted-1,2,4-triazoles.* Earlier efforts reported the alkylation of substituted 4-amino-1,2,4-triazoles,
however, the efforts focused on 3, (5)-alkyl- and aryl- substituted 4-amino-1,2 4-1:nazoles34‘39 Very
recently a report was made on the synthesis of 1-substituted-4-amin -1,2,4-triazolium nitrates involving the
amination of 1-substituted-1,2,4-triazoles wnh picryloxyamine followed by subsequent treatment with
excess nitric acid formmg new nitrate salts*’. However this route is complicated with the use of the highly -
reactive picryloxyamine® and is not convenient for widespread use. It was realized that the intermediate 1-
R-4-amino-1,2,4-triazolium halide salts have essentially the same overall shape as the well-known 1,3-
dialkyl-imidazolium cation-based jonic 11qu1ds and might possess similar poor three-dimensional packing
characteristics resulting in a new class of ionic liquids. Expanding and improving the reaction schemes
previously reported®’, a large family of new 1-substituted-4-amino-1,2,4-triazolium salts have been
synthesized and fully characterized. The synthesis of all of the materials was accomplished by the reaction
of excess n-haloalkane (halo = Br, I) with 4-amino-1,2,4-triazole (> 2:1) typically in acetonitrile. The
product salts precipitated from the reaction mixture upon coolmg (Reaction 1)

NHZ ) . NHZ .

Y 7/ +excess R-X —_— \(@7/ @ 4] "

Use of less than a 2:1 mole ratio of alkyl halide to 4-amino-1,2,4-triazole led to extensive reaction
times, incomplete conversion to alkylated product, as well as contamination of the ionic liquid product with
4-amino-1,2,4-triazole. Most of the materials precipitated as oils initially but could be induced to solidify
by complete removal of the solvent, followed by recrystallization from hot acétonitrile or isopropyl alcohol.
Densities were measured for all of the halides salts and are listed in Table 1. The materials follow the
expected trend, as the alkyl chains length increases, the density drops in a gradual manner.

. Subsequent metathesis of the 1-alkyl-substituted-4-amino-1,2,4-triazolium salts with silver nitrate
in hot methanol, filtration of the unwanted silver halide salt, and subsequent removal of all the methanol
from the ionic liquid product, resulted in high yields of high purity products. (Reaction 2). The ionic liquids

-could be recrystallized from hot ethyl acetate/methanol solutions which ridded the product of any silver salt
contamination. In all cases the product salts were subsequently purified until no precipitate was observed -
from mixing a small aliquot of product salt with concentrated aqueous silver nitrate solution.

NHz ’ NHZ »

Y@Y +AgNO; \(C@Y NO, +AgX O

All of the ionic liquids were stable at room temperature and showed no signs of decomposition
even after a year of storage at ambient temperatures. Melting points of the alkyl halide salts followed the
expected increasing trend as the molecular weight increased. There were some anomalies most notable
being the very high melting point of the 1-isopropyl-4-amino-1,2 ,4-triazolium bromide that is significantly
higher than the corresponding n-propyl, n-butyl, or ethyl derivativesas can be seen in Table 1. Several of -
the nitrate salts had melt points at or below ambient temperatures, defining them as members of room
temperature ionic liquids (RTILs) >*. While the melting point generally increased as the straight n-alkyl -
chain progressed from ethyl to n-decyl, one stnkmg feature was that the salts with even numbered n-alkyl
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chains bad lower melting points than those with odd numbered chains (see Table 2). There is no straight-

forward answer for this trend as it is not observed in the corresponding halide salts or in similar

imidazolium based salt systems. Nevertheless, all of the 1-substituted-1,2,4-triazolium halide and nitrate -

salts had melting pomts below 100°C defining them in the well known class of jonic liquids™ .

All of the ionic liquids were soluble in water, methanol, ethanol, dimethylsulfoxide, ‘

- dimethylformamide, hot acetonitrile and isopropanol, and were sparingly soluble in hot ethyl acetate, while
insoluble in diethyl ether, tetrahydrofuran, and similarly low dielectric constant solvents. All of the
materials were slightly hygroscopic, which complicated the collection of spectra. Another property unique

“ to this famlly of compounds is the weakly acidic nature of all of the 1-R-4-amino-1,2 4-triazolium cations
in aqueous solutions. Approximately 1M aqueous solutions of all the salts gave pHs in the range 3.5-4.5,
strongly supporting the equlhbnum of the 1-R+4-amino-1,2,4-triazolium cation with the 1-R-4-imino-1,2,4-

© triazoliuim zw1tter10n giving K,’s for these alkylated heterocyclic cations rangmg roughly from 3.0 x 10 s

t0 3.0 x 10™* (Reaction 3):

\(@Y + B0 <~——= \(@Y H30 6)

R .
This is ndt surprising as the parent heterocycle 4-amino-1,2,4-triazole is weakly acidic*®*’, with
aqueous solutions having a pH of around 5. Previous investigations with other substituted 4-amino-1,2,4-
.triazolium salts have found a wide array of reaction products stemming from this type of zwitterionic
species including ring opening reactions in the presence of various bases™ *!,

. Jonic liquids have significant claims for their high temperature stablhty However this stability
depends not only on the cation but the nature of the corresponding anion. The size, charge delocalization
and basicity of the parent heterocycle and anion weigh heavily in the overall stability of resultant salts. In
the materials studied here the parent heterocycle, 4-amino-1,2,4-triazole, is a significantly poorer base by
several orders of magnitude than 1-alkyl-imidazoles. Hence, it would be logical to expect the therrhal
stability of 1-alkyl-4-amino-1,2,4-triazolium halide salts to be less than that of the corresponding
imidazolium analogues, and this is what is observed in differential scanning calorimetry studies. In Tablé 1,
the melting point and decomposition onset, i.e. where the trace begins to have a positive slope and not the
maximum of the exotherm, are listed for the halides, and the decomposition onsets are rather low. There
are two different, plausxble initial decomposition routes for the 1-alkylated-4-amino-1,2 4-tr1azohum halide
salts; (A) Simple proton transfer from heterocyclic N-amino group to the bromide anion, forming a
zwitterion and HBr; and (B) Re-alkylation of the bromide anion forming the starting materials (Reaction 4).
However, the actual pathway of decomposmon is unknown until further studies are carried out.

@Nu

\(@)7/ + HBr ‘A)'

@

-
\(@/ -
Y T ™

N—N
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In the case of the nitrate salts, the melting points were typically lower than the halide salts, and the
corresponding DSC decomposition onsets were considerably hlgher (Table 2). One plausible explanation
for this difference is the charge delocalization over the nitrate anion versus the spherical bromide anion, as
it is well documented that charge delocalized anions have significantly w1der hquxd ranges in 1m1dazohum

and triazolium based ionic liquid systems'™ '3 %,

» Spectral propertles of low meltmg salts

Several forms of spectroscopy were used to characterize the new salts including v1brauona1 and
multinuclear nmr spectra, "H and *C nmr revealed shifts in both the alkyl chains attached to the
heterocyclic ring, as well as subsequent shifts in the heterocylic carbon and hydrogen signals. The 4-amino-

.1,2,4-triazole nng contains two C-H linkages in the nng as well as a pendant NH, group, which upon
alkylation of the ring in the N(1) position, breaks the mirror symmetry of the ring. This is immediately
evident in the proton spectra, with the disappearance of 4-amino-1,2,4-triazole’s C-H singlet (+8.5 ppm),
and the emergence of two, equal downfield C-H singlets (+9.2 ppm and +10.3 ppm). The NH, broad singlet
has also been shifted to an average value of +7.1 ppm, a 0.7 ppm downfield shift from the neutral 4-amino-
1,2,4-triazole. Also there was a 1 ppm downfield shift (average value +4.3 ppm) of the alkyl pendant group
protons attached to the first carbon bonded to N(1) of the triazole ring, as compared to those of the alkyl
halides. This was accompanied with subsequent smaller downfield shifts in the adjacent alkyl chain
hydrogen environments. These shifts are most likely attributed to the + 1 formal charge placed upon the
N(l) of 4-amino-1,2,4-triazole ring, as well as the alkyl chain being bonded to the electron withdrawing 4-
amino-1,2,4-triazole ring. Such shifts are not unexpected or unreasonable and have been noted in simple
protonated triazole systems** % | 1-R-4-amino-(3),(5)-substituted-1,2,4-triazolium salts**38, 1-R-4-
mtramxsl}gsl 2,4-triazole zw1ttenons““'3, as well as 1-4-difluoroalkylsubstituted-1,2,4-triazolium ionic

~.liquids

Sumlar effects were observed in the carbon 13 spectra; the loss of symmetry of the ring upon
alkylation resulted in two singlets - one slightly upfield from the starting material and one shifted
downfield from the 4-amino-1,2,4-triazole singlet. The shift can be explained by the carbon atom directly
attached to the N(1) atom which has undergone alkylation, forcing more p character upon the C=N bond,
resulting in an upﬁeld shift, while the carbon atom on the far side of the ring expenences a loss of electron
density in the ring but no real change in its direct bonding environment. The *C signals of the pendant
alky! group were shifted downfield with carbon attached directly to N(1) of the 4-amino-1,2,4-triazole ring
having the largest shift, usually in the +50 to +55 ppm downﬁeld which is typical of carbon nitrogen smgle
bond erivironments, mirroring those shifts observed in the "H spectra and agree well with those reported in

similar systems”” 37,4042, 49, 56, 57

The vibrational spectra are quite complex of all the new ionic liquids especxally as alkyl chain

lengths increase. N-H stretches are observable m both the infra-red and Raman ranging from 3400-3200

cm™ as rather sharp bands and are not unusual®®. The C-H bands of both the heterocyclic and alky! chains
are apparent but making absolute assignments of these bands is nearly impossible due to extensive
hydrogen bonding. From the structure of parent heterocycle with an exocyclic N-amino group as well as
information found in all the crystal structures to be discussed later, there was a tremendous amount of

cation anion interactions between N-H and C-H protons of the heterocycle as well as with some of the C-H

protons of the pendant alkyl groups. The vﬂ)ratlonal spectra of all of the new salts are quite intense,
complex, and broad in the region of 3350- 2600 ¢m™ which is strong evidence of NH,---X" hydrogen
bonding 1nteract10ns and has been noted in many other amine systems®**® %7 Bands typical of nitrate
salts, 1375 cm™ in the infrared and 1043 cm™ in the Raman are eas11y observed in all the specu'a and match

well to those observed in other nitrate salt systems68 70 , )

Single crystal x-ray diffraction studles of ‘new salts

Several of the new salts were studied by single crystal x-ray diffraction studies at ambient and low
temperatures and essentially gave the expected structures’” ¢, All of the materials were substituted at the
N(1) of the 1,2,4-triazole ring with the alkyl group. Each of the new salts will be discussed on an individual
basis. However there were no major trends that were noted among all of the crystal structures. In all the
halide structures, the N-amino protons saddle the plane of the triazolium ring (above and below),
sometimes with the lone pair facing towards the side of the ring N-alkylation (ethyl, isopropyl, n-propyl)
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and away in the n-hexyl and n-heptyl bromide structures. It would have been thought that the lone pair of
the N-amino group in the plane of the ring between atoms 3 and 4 of the 1,2,4-triazole ring would have a
longer bond, but this was not the case. These structural features influence the corresponding bond lengths,
as the ring C-N ring bond which faces the lone pair of N-amino group has a substantially longer bond than

the ring C-N bond on the far side of the ring. Secondly, in all the structures there are significant interactions -

between the anions and the N-amino protons as well as the C-H protons of the heterocyhc ring. Previously
an x-ray diffraction study of the structure of 4-amino-1,2;4-triazole was reported”, however we decided to
reinvestigate the structure of the neutral heterocycle for a comparative study with the cationic structures.

4-amino-1,2 4-triazole crystallizes in a monoclinic cell with Cc symmetry and major details of the
structural solution are shown in Table 3. The N-amino group in the 4 position of the ring has the NH,
hydrogen atoms straddling the plane of the ring atoms in one direction. There are two asymmetric
heterocyclic rings in the unit cell (Figure 1). The bond distances within the ring structure follow the trends
that would be expected for the neutral 4-amino-1,2,4-triazole where the two formal double bonds of the
triazole ring are between N(1) and C(5) and N(2) and C(3). The other bonds within the 1,2,4-triazolé ring
have distances that are sllghtly longer than these, however all bonds are shorter than typical C-N and N-N
single bond distances’®, supporting the idea of ring delocalization of pi bond electrons.

Hydrogen bonding is very pronounced in the structure with several significant contacts, which are
within Van der Waal distances”"(Figure 2). The most significant are the N-amino hydrogen contacts to
nitrogen atoms either N(1) or N(2) of the neighboring 4-amino-1,2,4-triazole ring. However, despite these
contacts there are no significant variances in any of the bond distances in either asymmetric ring in the unit
cell, within expenmental error.

' 1-ethyl-4-amino-1,2,4-triazolium bromide (II) crystallized as a monochmc crystal system w1th
P2(;y/n space group symmetry, and the crystal structure is shown in Figure 4 with details of the x-ray study
- summarized in Table 3. Several of the bond distances in the heterocyclic ring of the 1-ethyl-4-amino-1,2,4-
triazolium cation have been affected due to the alkylation of the triazole ring. With alkylation of the ring
there is a formal +1 charge placed upon the site of alkylation, the N(1) atom of the 1,2/4-triazole ring, and it
would be expected that the bonds to N(1) of the 1,2,4-triazole ring would be affected. In the alkylated
heterocyclic ring, the C(2)-N(1) bond distance of 1 312(2) ‘A and the C(1)-N(2) bond distance of 1.310(2)
A are essentially the same and reflect the expected sp> C=N bond distances. The N-amino N(1)-N(2)
distance of 1.369(2) A is slightly shorter than that observed in the neutral 4-amino-1 ,2,A-triazole structure
and is slightly shorter than a typical N-N single bond distance (1.40 A)” %5 The heterocyclic C-H bond
distance of C(1)-H(1) is 0.99(3) A is slightly longer than the C(2)-H(2) distance of 0.94(3) A. The C(2)
-atom is bonded directly to the quarternarized N(1) of the ring which could explain the shortness of the the
C(2)-H(2) bond through inductive effects. However, these C-H bond distance differences are also
* significantly affected by strong interactions with the bromide anions. The other major bonds of the ring
C(1)-N(3) and C(2)-N(3) at 1.356(3) A and 1.337(2) A , respectively, vary somewhat from that observed in
the neutral material. Sutpnsmgly, the C(2)-N(3) bond is shorter despite its proximity to the N-amino lone
pair which saddles the ring on the same side of the ring, while the C(1)-N(3) bond is longer despltc being in
vicinity of the N-amino protons. This suggests that quarternization of the neighboring nitrogen in the
triazole ring plays a more important role mductlvely shortening the C-N bond nearest it. The N(3)-N(4)
bond distance, 1.419(2) &, is very similar to that in the neutral material. Otherwise the C-H and N-H bond
distances of the heterocyclic ring are significantly different N(4)-H(3) = 0.92(2) A while N(4)-H(4) =
'0.83(2) A is shorter which can probably be atiributed to hydrogen bonding to the bromide anion. The bond
distances in the alkyl chain do not vary tremendously and the corresponding angles between all of the
atoms of the heterocyclic cation are within the expected values and will not be discussed.

Hydrogen bonding in ionic liquids has been a significant point of interest amongst several
researchers with most of the discussion based on interactions of various substituted imidazolium chloride
salts*, Another report has dlscussed significant interactions between 1-ethyl-3-methyl imidazolium
cation and its iodide counterion®’. The only other example of a structurally characterized ionic liquid
containing bromine atoms is that of the 1-ethyl-3-methylimidazolium tri-u-bromo-
bis[tribromoruthenate(IIT)]* where the authors saw no significant cation-anion interactions. In Figure 4, all

of the significant interactions between the cations and anion are shown by dotted lines. Also evident is the

‘effect on the corresponding bond length of the bonded hydrogen atom. Several of the hydrogen bromide
interactions are much less than the sum of the Van der Waal radii (3.3 A)”, The shortest contact of 2.53(2)

* A between the anion and cation, Br(1) — H(3), of the N-amino group (with a Br-H-N angle of 164.1(2)° )
accords to the longer N-amino N-H bond distance 0.92(2) A and is the strongest interaction of the structure.
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All of the cation anion interactions are listed in Figure 4. As expected, the strong bromide hydrogen
interactions lead to lengthening of the associated N-H or C-H single bond distances.
1-n-propyl-4-amino-1,2,4-triazolium bromide (III) crystallized in a triclinic cell with P-1
symmetry with two asymmetric 1-n-propyl-4-amino-1,2,4-triazolium cations as well as two corresponding
bromide anions. ‘A view of the crystal structure is in Figure 5, with the details of the x-ray study in Table 3.
Bond distances in the cation have not been significantly affected by the alkylation of the ring. In both
cations, the nitrogen- nitrogen bond distance in the two heterocyclic rings (N(1)-N(2) = 1.372(3) A and
N(5)-N(6) = 1.374(3) A) are nearly identical and are essentially unchanged to those found in the parent
heterocyle. The carbon nitrogen bond distances in the 1,2,4 triazolium rings corresponding to C(2)-N(1)
and C(1)-N(1) are fairly short and typical of carbon nitrogen double bonds® %1% The C-N bond distances
corresponding to C(1) and C(2) bonded to N(4) of the parent 1,2,4-triazole ring are all significantly shorter .
than typical C-N single bonds yet are longer than typical C=N bond lengths and are typical to those
* observed in triazole systems”™*> %% The C-N bonds which are closer to the alkylated N(1) position of the
1,2,4-triazole ring are slightly shorter ( C(2)-N(3) = 1.329(3) A and C(7)-N(7) = 1.328(3) A) than the
corresponding C-N bond distances on the far side of the ring [ C(1)-N(3) = 1.364(4) A and C(6)-N(7) =
1.365(3) A] and could be interpreted as a result of the alkylation and quarternization of the N(1) position of
the 1,2,4-triazole ring, similar to what was observed in the 1-ethyl-4-amino-1 ,2,4-triazolium bromide
above. The N-NH, bond lengths in both triazolium cations are essentially the same (N(3)-N(4) = 1.414(3)
A and N(7)-N-(8) = 1.418(3) A) and vary little from the starting heterocycle. .
- There is a large amount of hydrogen bonding present in the unit cell between both asymmetric
bromide anions and the corresponding cations that is within Van der Waal distances (3.03 A)"’and is
depicted in Figure 6. Symmetry related cations have been placed in the view to illustrate all of the
asymmetric hydrogen bromide contacts that are shorter than the sum of the Van der Wall radii. The most
significant contacts are between the N-amino hydrogen atoms and the bromide anions in the structure.
There is also a significant effect on the N-amino hydrogen bond distances with the N(4)-H(4) bond distance
0f0.79(3) A, being significantly shorter than the N(4)-H(3) bond distance (0.87(3) A)in the first I-n-
propyl-4-amino-1,2,4-triazolium cation. However in cation 2, both the N(8)-H(14) and N(8)-H(15) bond
distances are 0.84(3) A despite hydrogen bonding. There is no obvious reason for this bond variance
present in one ring despite the fact that all the N-amino hydrogen atoms are involved in significant
interactions with the bromide anions. . ’ '
1-isopropyl-4-amino-1,2;4-triazolium bromide(IV) crystallized in a triclinic cell with P-1
symmetry. There is one asymmetric cation and anion in the unit cell (Figure 7). The bond lengths and
angles are typical as in the previous examples. The N(1)-C(2) and N(2)-C(1) bond lengths are nearly the
same at 1.298(3) A and 1.297(3) A, which show significant C=N double bond character. The other two
carbon nitrogen bonds (C(1)-N(3), distance 1.355(3) A, and C(2)-N(3), distance 1.327(3) A) follow the
same trend as observed in the other salt structures with the C-N bond that is closer to the site of N-
alkylation being the shorter bond. Once again the C-N bond lengths are between that of a typical single
bond and that of a double bond, indicating charge delocalization. The N(3)-N(4) bond length is 1.400(3) A
and is éssentially identical to all those in the other cation structures of this study. The bonds in the :
isopropyl group are all within typical C-C, C-N, and C-H bond distances as well’. ' '
There is a large amount of hydrogen bond contacts with the sum of the Van der Wall radii (3.03 -
A)" in the crystal lattice and they are depicted in Figure 8, revealing a complex three dimensional
structure. As in the previous structures there is a difference between the N-amino hydrogen bond distances
but it is not as prominent (N(4)-H(3) = 0.86(3) A, and N(4)-H(4) = 0.92(4) A) since both hydrogen atoms
are involved in significant interactions with the bromide counterion. . :
, 1-n-hexyl-4-amino-1,2,4-triazolium bromide (VIII) crystallized as thin plates in a monoclinic cell
with P21/c symmetry. There was one asymmetric cation and anion in the unit cell (Figure 9). The bond
distances are mostly similar to the above mentioned structures but there are some significant differences.
The pendant n-alkyl chain has assumed the common low energy “zig-zag” chain radiating away from the
triazole ring. Once again the N-amino group is in a saddle position with the primary plane of the triazole
ring, however in this structure, the N-amino group hydrogen atoms are facing the side where alkylation of
the heterocyclic ring nitrogen has taken place, instead of facing away as in the proceeding structures. The
bond distances follow the trend observed in the previous cation structures, where the C-N bond distance
closest to the site of N(1) alkylation (C(2)-N(3) = 1.334(4) A) is shorter than that of the C-N bond distance
_on the opposite side of the ring (C(1)-N(3) = 1.350(4) A), but the difference between the bond lengths is
not as pronounced as in the cations with shorter alkyl side chains.
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Hydrogen bonding contacts are most prominent between the N-amino hydrogen atoms and the
bromide anion as well as in a few interactions between the hydrogen atoms attached to the carbon atoms of
the 1,2,4-triazole ring shown in Figure 10. The N-amino hydrogen bond distances are asymmetric with an
N(4)-H(4C) distance of 0.93(3) A and an N(4)-H(4D) distance of 0.81(3) A, following the general trend
noted in all the heterocyclic salts in this paper. With the much longer alkyl side chain, the structures are
exhibiting hydrophobic/hydrophilic packing tendencies. There is an orthogonal arrangement of the cations
‘with the n-hexyl side chain that radiates away from the triazolium ring to start forming a “head to tail”
arrangement of the cations with the accompanying bromide anions. Thus, pockets are formed between the
N-amino groups of the 4-amino-1,2,4-triazole cationic rings. In the packing diagram shown in Figure 10,
this is much more apparent. This compares as well as contrasts with one dimensional layered behavior
noted in long n-alkyl substituted imidazolium salt systems which display liquid crystalline behavior'®1%,

1-n-heptyl-4-amino-1,2 ,4-triazolium bromide (IX) crystallized in 2 monoclinic cell with P21/c
symmetry and is shown in Figure 11. The stmcture is very similar to the n-hexyl-4-amino-1,2,4- triazolium
bromide salt reported above with one asymmetric cation and anion per unit cell. Once again the n-heptyl
alkyl chain radiates away from the triazolium ring in the “zig-zag” structire. The N-amino group saddles
the ring, and as in the n-hexy! salt, the N-amino-group hydrogen atoms are pointed towards the alkylated
N(1) position of the triazole ring. The bond distances in the ring follow the trend of all the triazolium
cations and are very similar in bond distances.- The bonds between carbon nitrogen atoms of the
heterocyclic ring (N(1)-C(2) = 1.314(4) A and N(2)-C(1) = 1.303(4) A) are essentially the same and their
distances denote double bond character as would be expected. The other carbon nitrogen bonds (C(1)-N(3)
=1.357(4) A and C(2)-N(3) = 1.333(3) A), follow the trend where the shorter of the bonds, C(2)-N(3), is
nearer to the point of N-alkylaton of the ring, closest to the quarternized nitrogen, N(1). However, it
appears that with the N-amino hydrogen atoms facing this bond, there is not as great a difference between
the carbon-nitrogen bond distances,( C(1)-N(3) and C(2)-N(3)) as those observed in the smaller alkyl side
chained cations reported above. This mirrors the behavior observed in 1-n-hexyl-4-amino-1,2,4-triazolium
bromide (VIII). Otherwise the bond distances are not out of the ordinary and match well to those observed
in other heterocyclic systems”® % %1% and will not be discussed further. A

-As in the n-hexyl substituted cation, hydrogen bonding appears to strongly influence the overall
packmg of 1-n-heptyl-4-amino-1,2,4-triazolium bromide. The strongest interactions are between the N-
amino hydrogen atoms and the bromide which leads to the formation of a two-dimensional structure of n-
heptyl chains lining up, end to end, with the triazoliumi rings forming pockets for the bromide anions -
(illustrated in Figure 12). The packing structure is essentially identical to that illustrated for the 1-n-hexyl-
4-amino-1,2,4-triazolium bromide in Figure 10 above. The bond distances for the N-amino hydrogen bonds
are significantly affected with the N(4)-H(4C) distance of 0. 90(4) A, while the N(4)-H(40) distance of -

0.80(5) Ais considerably shorter. Previously, Séddon et al. 101183 have described liquid crystal behavior
with longer chained n-alkyl methylimidazolium salts exhibiting smectic properties. The longer n-alkyl-4-
_'amino-1,2,4-triazolium based salts appear to have the same kind of physical properties, but thxs will have to
be validated with further work that is outside the scope of this study.
’ Two crystal structures were obtained for the corresponding family of nitrate salts which generally
- were much more difficult to crystallize than their halide analogues. 1-isopropyl-4-amino-1,2,4-triazolium
nitrate (XVIII) crystallized in a triclinic cell of P-1 symmetry with a view of the structure in Figure 13.
There is one asymmetric cation and one nitrate anion in the structure. One important difference in the
structure of the nitrate salts versus the halide salts is the relative position of the N-amino group in relation
to the triazole ring. In the 1-isopropyl-4-amino-1,2,4-triazolium nitrate structure; the cation has a twisted
N-amino group which doesn’t saddle the triazole ring in a symmetric fashion as observed in the halide
. structures. The C(1)- N(4) bond distance, 1.316(3) A, and C(2)-N(5) bond distance, 1.305(4) A are very
similar to that observed in all the structures within this study as well as several others elsewhere, revealing
significant double bond character "**% %1% The C(1)-N(3) bond distance (1.338(3) A) is nearest to the site
of N-alkylation, is shorter than the other C-N bond (C(2)-N(3) = 1.354(3) A) and agrées well with the trend
- observed here as well as in other systems where the C-N bond closest to the site of alkylation is shorter
than the corresponding bond on the far side of the ring. In direct contrast, the N-amino hydrogen bond
distances are essentially the same (N(2)-H(3) = 0.90(3) A and N(2)-H(4) = 0.92(4) A) which is somewhat
surprising despite the significant amount of hydrogen bonding. All of the carbon nitrogen bond distances
are within typical bond dxstances in comparison with other similar mazole based materials, 3,4,5-triamino-
1,2,4-triazolium bromide® as well as 1,2,4-triazolium perch]orate and several 1-N-coordinated 4-amino-
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1,2,4-triazole based salts®***, The nitrate anion is planar and its angles and bond distances are typical for
those observed in nitrate salts'*'?” and they will not be discussed.

Hydrogen bonding is very proniounced in 1-isopropyl-4-amino- -1,2 A tnazohum nitrate with
extensive hydrogen atom contacts between the oxygen atoms of the nitrate anion and many of the hydrogen
atoms present in the cation (Figure 14). However there appears to be no major perturbation in any of the
bond distances despite these rather significant contacts. Extensive hydrogenbonding probably explains the
“twist” of the N-amino group out of the saddle position of the triazole ring since several of the N-amino
proton contacts are very short (N(2)-H(3)---0(3) = 2. 11(3) A, N(2)-H(4)---O(1) = 2.08(4) A) and are much
shorter than that of the sum of Van der Waal radii 2.72 AT Additionally there are many contacts between
the nitrate anion oxygen atoms and both the heterocyclic carbon hydrogen atoms and several of the

isopropy! carbon hydrogen atoms. However, many of these carbon hydrogen bond distances have been

fixed in the structure refinement process and this must be considered in the arguments.
1-methylcyclopropyl-4-amino- 1,2,4-triazolium nitrate (XX) crystallized in a monoclinic cell with

P21m symmeh'y and is shown in Figure 15. There is one asymmetric cation and an accompanying nitrate

anion in the unit cell. As in the 1-isopropyl-4-amino-1,2,4-triazolium nitrate structure, the N-amino group

.is “twisted” out of the saddle position with the plane of the 1,2,4-triazole ring. This, again, is most hkely

due to the extensive hydrogen bonding within the crystal structure. The distances in the heterocyclic rmg
are all within normal bonding distances there is not a lot of variance between the C-N bonding
environments in the heterocyclic ring as noticed in all of the other structures. The carbon nitrogen bond
distance closest to the site of N-alkylat:on, C(1)-N(4) = 1.3104(17) A, while the corresponding C-N bond
distance on the far side of the ring, C(2)-N(3) =1 3027(1 8) A, are essentially the same which follows the
common trend seen in 1,2,4-triazole systems’®®> #1%_ A5 well the other C-N bond distances in the ring
follow the trend where the C-N closest to the site of alkylatlon (C(1)-N(1) =1.3317(17) A) is the shorter

" than the other C-N bond (C(2)-N(1) = 1.3543(17) A). As was observed in 1-isopropyl-4-amino-1,2,4-

triazolium nitrate (XVIII), the N-amino hydrogen bond distances are essentially the same (N(2)-H(2A) =
0.894(17) A and N(2)-H(2B) = 0.884(17) A) despite significant hydrogen bonding to.the nitrate anion. As
in the preceding nitrate structure, the nitrate anion is planar and its bond distances and angles are typical to
those that have been observed in other nitrate salts'®"'%” and they will not be discussed further.

Hydrogen bonding is rather significant in 1-methylcyclopropyl-4-amino-1,2,4-triazolium nitrate

" with many contacts between the oxygen atoms of the nitrate anion and hydrogen atoms of the N-amino

group, the carbon hydrogen atoms of the heterocyclic ring as well as some contacts with the hydrogen
atoms of the pendant methylcyclopropyl ring (Figure 16). Many of these are well within Van der Waal
bonding distances”” and are listed i in Figure 16 caption. Nevertheless, despite this large amount of hydrogen
bonding, all of the bond distances in the structure are not drastically affected from normal distances ,
observed in other structures, and it seems to be a structure which illustrates large coulombic interactions

, between the catxon and anion.

. Conclusions

. A large new family of ionic liquids based upon 1-substituted-4-amin -1,2,4-.uiazollium cations
with halides and nitrate anions have been synthesized and well characterized. These new ionic liquids
display typical ionic liquid behaviors akin to their dialkyl-imidazolium relatives, such as low melting points

..and long liquidous ranges, however differ with their weak acidity, lessened thermal stability and high

solubility in polar solvents. X-ray diffraction studies of several of the new salts revealed the expected
structures with 1-substituted-4-amino-1,2,4-triazolium cations with bromide and nitrate anions. Extensive

* hydrogen bonding was very prevalent between the N-amino group protons and the corresponding anions,

however bond distances in the cation were not dramatically affected in any significant manner. As well the
longer alkyl chained 1-R-4-amino-1 2 ,A-triazolium halide salts had unusual packing properties which
warrants further investigations. .
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Flgure 1. X-ray crystallography structure of 4-amino-1,2, 4-mazole The bond distances (&) are: N(1)-
N(2)=1.379(5); N(1)-C(2)=1.307(5); N(2)-C(1)=1.300(4); N(3)-N(4)=1.418(4); N(3)-C(1)=1.360(5); N(3)
—C(2)=1.338(4); N(4)-H(3)=0.98(5); N(4)-H(4)=0.94(4); N(5)-C(4)=1.297(6); N(5)-N(6)=1.396(4); N(6)-
C(3)=1.312(6); N(7)-C(4)=1.356(4); N(7)-N(8)=1.411(5); N(7)-C(3)=1.350(4); N(8)-H(7)=0.92(5); N(8)-
H(8)=0.95(3); C(1)-H(1)=0.94(4); C(2)-H(2)=0.83(6); C(3)-H(5)=0.94(3); C(4)-H(6)=0.89(4).

Figure 2. Structure showing significant hydrogen bonds of 4-amino-1,2,4-triazole. The interatomic
distance (A) and symmetry code are: N(8)..H(3)=2.05(5), X.,y,z; n(8) e..H(4)=2. 10(4) X, y, -1+z; N(1). H(7)
a=2.19, -1/2+x, Yo+y,z; N(1) £..H(8)=2.70(5), x, 1-y, Y%s+z; N(2)..H(8) b=2.03(4), %, 1-y, Y%+z; N(4)
d.H(1)=2.51(4), -1/2+x, 3/2-y, -1/2+z; N(S) f.H(6)=2.56(4), x, 2-y, Yatz; N(6) £.H(6)=2.69(4), X, 2-y,
Votz. : '
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Figure 3. X-ray crystallography structure of 1-ethyl-4-amino-1,2,4-triazolium bromide (II). The bond
distances (&) are: N(1)-N(2)=1.369(2); N(1)-C(2)=1.312(2); N(1)-C(3)=1.480(2); N(2)-C(1)=1.3 10(2); .
N(3)-N(4)=1.419(2); N(3)-C(1)=1.356(3); N(3)-C(2)=1.337(2); N(4)-H(3)=0.92(2); N(4)-H(4)=0.83(2);
C(3)-C(4)=1.502(3); C(1)-H(1)=0.99(3); C(2)-H(2)=0.94(3); C(3)-H(5)=0.98(3); C(3)-H(6)=0.84(2); C(4)-
H(7)=0.89(2); C(4)-H(8)=0.98(3); C(4)-H(9)=0.95(3). °
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Figure 4. Structure showing significant cation-anion contacts of 1-ethyl-4-amino-1,2,4-triazolium bromide
(ID). The interatomic distance (A) and symmetry code are: Br(1)..H(3) a=2.53(2), -x, -y, 1-z; Br(1)..H(4)=
2.89(2), x,, z; Br(1) f.H(4)=2.84(2), x-1, -y, 2-z; Br(1) c¢.H(1)=2.77(3), -1+x,7y, z Br(1) d.HQ2)=
2.89(3), x, y, 1+z; Br(1) d..H(6)= 3.00(2), X, y, 1+z. . '
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Figure 5. X-ray crystallography structure of 1-propyl-4-amino-1,2,4-triazolium bromide (II1). The bond
distances (&) are: N(1)-N(2)=1.373(3); N(1)-C(2)=1.307(3); N(1)-C(3)=1.470(3); N(2)-C(1)=1.307(4);
N(3)-N(4)=1.414(3); N(3)-C(1)=1.364(4); N(3)-C(2)=1.329(3); N(4)-H(4)=0.79(3); N(4)-H(3)=0.87(3);
N(5)-C(7)=1.313(3); N(5)-C(8)=1.466(3); N(5)-N(6)=1.374(3); N(6)-C(6)= 1.300(3); N(7)-C(6)=1.365(3);
N(7)-C(7)=1.328(3); N(7)-N(8)=1.418(3); N(8)-H(15)=0.87(3); N(8)-H(14)=0.87(3); C(3)-C(4)=1.514(3):
C(4)-C(5)=1.524(4); C(1)-H(1)=0.87(3); C(2)-H(2)=0.92(3); C(3)-H(5)=0:92(4); C(3)-H(6)=0.93(3); C(4)-
H(7)=0.92(3); C(4)-H(8)=0.98(3); C(5)-H(10)=1.00(3); C(5)-H(9)=1.02(3); C(5)-H(11)=0.89(4); C(8)-

C(9)=1.515(4); C(9)-C(10)=1.514(4); C(6)-H(12)=0.96(3); C(7)-H(13)=0.92(3); C(8)-H(16)=0.94(3); C(8)-

H(17)=0.98(3); C(9)-H(18)~0.92(3); C(9)-H(19)=0.96(3); C(10)-H(20)=0.99(3): C(10)-H(21)=0.98(3);
C(10)-H(22)=0.96(3). .

Figure 6. Structure showing significant cation-anion contacts of I-propyl-4-amino-1,2,4-triazolium
bromide (III). The interatomic distance (A) and symmetry code are: Br(2) g..H(3)=2.57(3), x, -1+y, z;

- Br(2) h. H(4)=2.71(3), 1-x, 1-y, -z; Br( 1)..H(14) a= 2.54(3), %, -1+y, z; Br(1)..H(15) b= 2.71(3), 2-x, 1-y,
1-z; Br(2) e..H(1)= 2.91(3), 2%, 1-y, -z; Br(1) f.H(2)=2.64(3), 1-x, 1-y, 1-z; Br(1) f.H(6)=2.91(3), 1-x, 1-
¥, 1-z; Br(1) £.H(12)=2.99(3), 1-x, 1-y, 1-z; Br(2) i..H(13)= 2.66(3), 2-x, 1-y, 1-z; Br(2) i.H(17)=2.95(3),

- 2, 1-y, 1-z. v )

Distribution Statement A: Approved for public release; distribution unlimited.

14




Figure 7. X-ray crystallography structure of 1-isopropyl-4-amino-1,2,4-triazolium bromide (V). The bond
distances (A) are: N(1)-N(2)=1.361(3); N(1)-C(2) =1.298(3); N(1)-C(3)=1.477(3); N(2)-C(1)=1.297(3);
N(3)-N(4)=1.400(3); N(3)-C(1)=1.355(3); N(3)-C(2)=1.327(3); N(4)-H(4)=0.92(4); N(4)-H(3)=0.86(3);
C(3)-C(5)=1.504(5); C(3)-C(4)=1.500(4); C(1)-H(1)=0.92(3); C(2)-H(2)=0.90(3); C(3)-H(5)=1.00(3);
C(4)-H(6)=0.96(4); C(4)-H(7)=0.96(5); C(4)-H(8)=0.95(5); C(5)-H(9)=0.96(5); C(5)-H(10)=0.96(5); C(5)-
H(11)=0.92(5). : : .

" Brl b

Figure 8. Structure showing significant cation-anion contacts of 1-isopropyl-4-amino-1,2,4-triazolium
bromide (IV). The interatomic distance (A) and symmetry code are: Br(1) c..H(4)=2.50(4), -x, 2-y, 1-z;
Br(1) d..H(3)=2.98(3), x, 1+y, 1+z; Br(1) £.H(3)= 2.96(3), 1-x, 2-y, 1-z; Br(1) b.H(2)=2.79(3), x, y, 1+z;
Br(1) b. H(5)=2.95(3), x, y, 1+z. .
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Figure 9. X-ray crystallography structure of 1-hexyl-4-amino-1,2,4-triazolium bromide (VIII). The bond
distances (A) are: N(1)-N(2)=1.373(3); N(1)-C(2)=1 :308(4); N(1)-C(3)=1.456(4); N(2)-C(1)=1.293(4);
N(3)-N(4)=1.394(4); N(3)-C(1)=1.350(4); N(3)-C(2)=1.334(4); N(4)-H(4D)=0.81(4); N(4)-H(4C)=0.93(3);
C(3)-C(4)=1.514(4); C(4)-C(5)=1.529(4); C(5)-C(6)=1.526(5); C(6)-C(7)=1 .504(5); C(7) -C(8)=1.531(5);

- C(1)-H(1)= 0.9304; C(2)-H(2)=0.9298; C(3)-H(3A)=0.9705; C(3)-H(3B)=0.9702; C(4)-H(4A)=0.9698;
C(4)-H(4B)=0.9701; C(5)-H(5A)=0.9697; C(5)-H(5B)=0.9704; C(6)-H(6A)= 0.9708; C(6)-H(6B)=0.9692;
C(7)-H(7A)=0.9702; C(7)-H(7B)=0.9697; C(8)-H(8A)=0.9598; C(8)-H(8B)=0.9599; C(8)-H(8C)=0.9590. -

Figure 10. Structure showing significant cation-anion contacts of 1-hexyl-4-amino-1,2,4-triazolium
bromide (VIII). The interatomic distance (A) and symmetry code are: Br(1) e..H(4C)= 2.73(3), 1-x, 1-y, -z;
Br(1) £.H(4D)= 2.66(4), 1-x, -%s+y, %4-z; Br(1) c..H(1)=2.7300, x, -1+y, z; Br(1) d..H(2)=2.7600, x, 3/2-y,
Yetz; Br(1) d..H(3B)= 2.8500, x, 3/2-y, Vs+z.
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Figure 11. X-ray crystallography structure of 1-heptyl-4-amino-1,2,4-triazolium bromide (IX). The bond
distances (A) are: N(1)-N(2)=1.377(3); N(1)-C(2)=1.314(4); N(1)-C(3)=1.464(4) N(2)-C(1)=1.303(4);
N(3)-N(4)=1.401(3); N(3)-C(1)=1.357(4); N(3)-C(2)=1.333(3); N(4)-H(4D)=0.90(4); N(4)-H(4C)=0.80(5);
C(3)-C(4)=1.516(5); C(4)-C(5)=1.529(8); C(5)-C(6)=1 -526(4); C(6)-C(7)=1.524(4); C(7)-C(8)=1.513(4);
C(8)-C(9)=1.531(5); C(1)-H(1)=0.9498; C(2)-H(2)=0.9498; C(3)-H(3A)=0.97(4); C(3)-H(3B)=0.91(3);
C(4)-H(4A)=0.9905; C(4)-H(4B)=0.9907; C(5)-H(5A)=0.9896; C(5)-H(5B)=0.9903; C(6)-H(6A)=0.9899;
C(6)-H(6B)=0.9893; C(7)-H(7A)=0.9906; C(7)-H(7B)=0.9903; C(8)-H(8A)=0.9897; C(8)-H(8B)=0.9904;
C(9)-H(9A)=0.9802; C(9)-H(9B)=0.9793; C(9)-H(9C)=0.9795. '

HSA

H3B

. Figure 12. Structure showing significant cation-anion contacts of 1-heptyl-4-amino-1,2,4-triazolium
bromide (IX). The interatomic distance (A) and symmetry code are: Br(1) e.. H(4C)= 2.66(4), 1-x, -1/2+y,
3/2-z; Br(1) £.H(4D)= 2.77(4), 1-x, 1-y, 2-z; Br(1) c.H(1)= 2.7100, x, -1+y, 2; Br(1) d..H(2)= 2.7900, x,
3/2-y, -1/2+z; Br(1)..H(3A)= 2.85(3), x, 3/2-y, %+z.
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Figure 13. X-ray crystallography structure of 1-isopropyl-4-amino-1,2,4-triazolium nitrate (XVIII). The
bond distances (&) are: O(1)-N(1)=1.241(3); O(2)-N(1)=1.255(3); O(3)-N(1)=1.254(3); N(2)-

- N(3)=1.415(3); N(3)-C(1)=1.338(3); N(3)-C(2)=1.354(3); N(4) -N(5)=1.363(3); N(4)-C(1)=1.316(3);
N(4)-C(3)=1.484(3); N(5)-C(2)=1.305(4); N(2)-H(3)=0.90(3); N(2)-H(4)=0.92(4); C(3)-C(5)=1 .509(3);
C(3)-C(4)=1.517(4); C(1)-H(1)=0.9294; C(2)-H(2)=0.9299; C(3)-H(5A)=0.9804; C(4)-H(6C)=0.9600;
C(4)-H(6A)=0.9598; C(4)-H(6B)=0.9602; C(5)-H(7A)=0.9597; C(5)-H(7B)=0.9600; C(5)-H(7C)=0.9599.

Figure 14. Structure showing significant cation-anion contacts of 1-isopropyl-4-amino-1,2,4-triazolium
nitrate (XVIII). The interatomic distance (A) and symmetry code are: O(3) c..H(3)= 2.11(3), 1-x,1-y,-z;
O(1) d..H(4)=2.08(4), 2-x,1-y,-z; O(2) d..H(4)= 2.62(4), 2-x,1-y,-z; O(2)..H(1)=2.4700, x, Yy, z; O(2)
c..H(1)=2.3200, 1-x,1-y,-z; O(3) e..H(2)= 2.3900, 1+x,1+y,z; O(2) d..H(2)= 2.4300, 2-x,1-y,-z; N(5)
J--H(5)= 2.6600, 2-x,2-y,1-z; O(3) g.H(6B)= 2.6300, 1-x,1-y,1-z; O(3) f.H(7A)= 2.6900, X,14y,z;
0(2)..H(7C)=2.6900, x, v, z. '
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Figure 15. X-ray crystallography structure of 1-methylcyclopropyl-4-amino-1,2,4-triazolium nitrate (XX). -
" The bond distances (&) are: O(1)-N(5)=1.234(2);0(2)-N(5)=1.266(2); O(3)-N(5)=1.249(2); N(1)-
C(2)=1.354(2); N(1)-N(2)=1.401(2); N(1)-C(1)=1.332(2); N(3)-N(4)=1.366(2); N(3)-C(2)=1.303(2); N(4)-
C(1)=1.310(2); N(4)-C(3)=1.466(2); N(2)-H(2A)=0.89(2); N(2)-H(2B)=0.88(2); C(3)-C(4)=1.497(2); C(4)-
C(6)=1.500(2); C(4)-C(5)=1.500(2); C(5)-C(6)=1.496(2); C(1)-H(1)=0.87(2); C(2)-H(2)=0.94(2); C(3)-
H(3A)=0.96(2);C(3)-H(3B)=0.97(2); C(4)-H(4) = 0.95(2); C(5)-H(5A)=0.98(2);C(5)-H(5B)=0.95(2);
C(6)-H(6A)=0.95(2); C(6)-H(6B)=0.97(2). ‘

Figure 16. Structure showing significant cation-anion contacts of 1-methylcyclopropyl-4-amino-1,2,4-
triazolium nitrate (XX). The interatomic distance (A) and symmetry code are: O(2)..H(2A)=2.18(2), X, y, z;
0(3). H(2A)=2.39(2), x, y, z; O(1) d..H(2B)=2.39(2), 1/2-x, -1/2+y, 3/2-z; O(2) d.. H(2B)=2.12(2), 1/2-x,
-1/2+y, 3/2-z; O(3) b..H(1)=2.42(2), 1/2-x, 1/2+y, 3/2-z; O(2) c..H(2)=2.20(2), 3/2-x, -1/2+y, 3/2-z; O(3)
e..H(3A)=2.44(2), 3/2-x, -1/2+y, 3/2-z; O(1) b.H(3B)=2.53(2), 1/2-x, 1/2+y, 3/2-z; O(3) b..H(3B)=2.45(2),
1/2-x, 1/2+y, 3/2-z; N(3) £.H(6B)=2.73(2), 2-x, 2-y, 2-z. '
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Table 1. Physical properties of 1-R-4-arhi_po-1,2,4-triazolium bromiides.
Substituted 4AT salts - m.p. (°C) _dec. onset (°C) _ density (g/cm”)

1-methyl (I-) 92 135 1.98
1-ethyl 67 130 - 1.69
1-n-propyl 63 120 1.56
1-isopropyl 92 110 1.60
1-allyl 62 130 1.59
1-butyl 48 130 1.46
1-methylcyclopropyl 73 150 - 1.58
1-n-pentyl 54 130 1.37
1-n-hexyl 76 120 1.34
1-n-heptyl ' 94 120 1.30
1-n-octyl 80 - 135 1.27
1-n-nonyl 81 140 1.26

1-n-decyl 90 135 123

Table 2. Physical properties of 1-R-4-amino-1.2,4-triazolium nitrates. V

Salt ____melting point(°C) - ____decomp onset(°C)
1-methyl , -54(g) . 175
1-ethyl -55(g) 160
1-n-propyl 33 175
1-isopropyl 66 180
1-(2-propenyl) - -50(g) 140
1-n-butyl -50 (g) ' _ 170
1-methylcyclopropyl - 56 185
1-n-pentyl - 29 : 180
1-n-hexyl 0 ‘ 170
1-n-heptyl 35 165
1-n-octyl 34 165
1-n-nonyl 53 : 175
1-n-decyl B | - 185
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- Table 3. Crystal Data and Details of the Structure Deteminaﬁon;

: : Crystal Data
. Chemical Name | 4-Amino-1,2,4- Ethyl n-Propyl Isopropyl n-Hexyl n-Heptyl
Triazole :
- Formula C2H4 N4 C4 H9 N4, C5H11 N4, Br C5H11 N4, Br C8 H17N4,Br | CIHI9 N4, Br
Br . N
. Formula Weight 84.09 193.05 207.08 207.08 249.16 263.18
Crystal System | Monoclinic | Monoclinic Triclinic. Triclinic ‘Monoclinic Monoclinic
Space group Cc No. |- P2i/m P-1 . (No.2) - P-1 (No.-2) P21/c (No. | P21/c . (No.
9 MNo.14) |. 14) 14)
a [A] 11.94(2) 5.117(2) 5.1237(7) ' 6.4138(9) . | . 19.131(5) 20.9144)
b [A] ' 10.79(1) 18.439(5) 10.943(1) ) 7.633(1) ~6.314(2) 6.422(1)
c [A] . 8.28(1) 7.846(2) 15.681(2) ~ . ..8.709(1) 9.611(2) 9.505(2)
o [deg] . 90 90 105.777(2) 94.446(2) 90 90
B [deg] 133.23(2) 98.371(5) 92.264(2) 92.170(2) ~ 98.567(4) 95.602(3)
v [deg] 90 90 99.091(2) 97.807(2) 90 . 90
V [A**3] 777(2) 732(3) 832.3(2) 420.6(1) .1148.0(5) 1270.4(4)
Z 8 4 -4 2 ‘ _ 4 4
. X(calc) [g/cm**3] 1.437 | . 1751 1.653 1.635 1.442 1.376
pMoKa) [ /mm ] 0.107 | -~ 5.533 . 4.875 4822 3.547 * 3.210
F(000) 4 352 384 416 208 ' 512 . 544
Crystal Size [mm] { 0.00x 0.00 x 0.00 x 0.00x 0.00 x 0.00 0.00x 0.00x 0.00 0.00x 0.00x | 0.00x 0.00 x
’ 0.00 0.00x L : ‘ : 0.00 0.00
‘ 0.00 - ~ ' ‘
- Data Collection
Temperature (K) 100 RT 100 RT - 'RT 100
Theta Min-Max 3.0, 25.4 2.8, 28.3 1.4, 254 2.7, 26.4 22,254 2.0, 254
[Deg] |- - ,
Da’tafet -12:14; -9:12 | -6: 6;-24: | -6: 5;-13:13;-18:16 -8:5;-9:9;-10: 10 -23:22; -7: 7 | -23:25; -4: 7
, ; 9: 9 23;-10: 7| ' ' ;-11: 9 ;-11: 10
- Tot., Unig. 1753, 1201, 4423, 4468, 2989, 0.015 2349, 1676, 0.022 5751, 2117, 6313, 2326,
Data, R(int) . 0.030 - 1688, v . 0.034 0.032
' 0.027 ' :
Observed data 1155 1557 2746 : 1600 1824 2086
[I>2.0 6(D)] ‘ .
' : . Refinement : .
Nref, Npar 1201, 142 | 1688, 119 2989, 269 1676, 136 2117, 127 2326, 144
R,wR2, S 0.0412,0.1128, 0.0261, 0.0269, 0.0774, 1.09 0.0272, 0.0701, 1.06 0.0410, 0.1091, | 0.0428, 0.1258.
- 1.05 : 0.0722, ) 1.04 1.06
, ‘ 1.03 ‘
where P= w= w = 1/[\s"2/(Fo"2") w = 1/[\s"2NFo"2%) w= w=
Fo™2/2Fc2M/3 | 1/[\s"2F0"2") +(0.0556P)"2/+0.0865P] | +(0.0406P)"2"+0.1045P] | 1/[\s"2"(Fo2") 1/Ps"2MFo™ 2N
: +(0.0874P)"2%] ' - | +(0.0797P)"24] | +(0.0993P)2~
Max. and 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.00, 0.00 - 0.00,0.00
Av. Shift/Error | ‘ ' - . ' A
Min. and Max. -0.29,0.25 -0.60, 0.73 -0.71,0.88 _ -0.52, 0.47 -0.64,7.92 -0.86, 1.54
Resd. Dens. - ' ‘
[e/AN3]
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'Table 3 (cont.). Crystal data and details of collection.

, ‘ Crystal Data
Chemical Name 1-Isopropyl- 1-Methylcyclopropyl
- NO3 .- NO3 .
Formula C5H11 N4, N O3 C6 H11 N4, N O3
Formula Weight 189.19 -201.20
Crystal System Triclinic Monoclinic
Space group P-1 (No. 2) P21/n (No. 14)
. a[A] 7.018(3) 5.402(3)
b [A] 7.176(3) - 8.526(4)
c[A) 9.100(4) 20.255(9)
a [deg] 106.426(6) 90
B [deg] 91.865(7) 97.317(8)
v [deg] 93.224(7) 90
V [A**3] 438.3(3) -925.3(8)
Z . 2 4
D(calc) [g/lcm**3] 1434 . 1.444
uw(MoKa) [ /mm ] 0.119 0.117
F(000) , 200 424 .
Crystal Size [mm] -0.00x .0.00x 0.00 0.00x 0.00x 0.00
: ' Data Collection : -
Temperature (K) 100 100
Theta Min-Max [Deg] 23, 254 2.0, 25.5
Dataset -8:4;-7.8;-10: 9 | -6: 6;-10: 7;-24:23
Tot., Uniq. . 1641, 1343, 0.015 4718, 1695, 0.029
Data, R(int) ) L .
. Observed data 1234 1530
[1>2.00(D] ' _ )
: Refinement .
Nref, Npar 1343, 129 1695, 171
R,wR2,S 0.0562, 0.1787, 1.15 0.0331, 0.0904, 1.05
where P= w = 1/[\s"2(Fo"2")+ w= 1/[\s"2NFo™2")+
(Fo’2+2Fc”22)/3 | (0.1139P)"2~+0.2471P] | (0.0513P)"2°+0.2126P]
Max.and 0.00, 0.00 0.00, 0.00
Av. Shift/Error
Min. and Max. -0.30,0.29 -0.24,0.20

Resd. Dens. [e/A3]

Distribution Statement A: Approved for public release; distribution unlimited.




